Activation of EGFR-Ras-MAPK signaling in vulval precursor cells (VPCs) by LIN-3/EGF from the gonad induces vulval development in C. elegans. The prevailing view is that LIN-3 overcomes an ''inhibitory signal'' from the adjacent hyp7 hypodermal syncytium. This view originated from observations indicating that inactivation of functionally redundant Synthetic Multivulva (SynMuv) genes in hyp7 can activate EGFR-Ras-MAPK signaling in the VPCs. Many SynMuv genes encode transcription and chromatin-associated factors, including the Rb ortholog. Here, we show that the SynMuv A and SynMuv B gene classes are functionally redundant for transcriptional repression of the key target gene, lin-3/EGF, in the hypodermis. These observations necessitate a revision of the concept of ''inhibitory signaling.'' They also underscore the importance of preventing inappropriate cell signaling during development and suggest that derepression of growth factors may be the mechanism by which tumor suppressor genes such as Rb can have cell nonautonomous effects.
Introduction
Vulval precursor cell (VPC) specification in C. elegans hermaphrodites has been an outstanding model for elucidating how multiple signal transduction pathways are coordinated to specify developmental patterns (Sternberg, 2005 ). An EGF-like inductive signal from the anchor cell of the gonad activates an RTK-Ras-MAPK pathway in underlying VPCs. Multiple regulatory mechanisms ensure that only the three VPCs closest to the anchor cell adopt vulval cell fates, whereas the three more distant VPCs adopt a default hypodermal fate. Mutations that reduce inductive signaling prevent the central VPCs from adopting vulval fates; thus, all six VPCs adopt the hypodermal fate, and the hermaphrodites are Vulvaless (Vul). In contrast, mutations that elevate activity of the inductive signaling pathway cause ectopic activation of the pathway in all six VPCs; thus, all VPCs adopt vulval fates. Moreover, the vulval cells produced by the distal-most VPCs organize into pseudovulvae, and the hermaphrodites display a Multivulva (Muv) phenotype as a result.
The SynMuv (Synthetic Multivulva) genes negatively regulate vulval induction. Mutations in either a SynMuv A gene or a SynMuv B gene alone does not cause a Muv phenotype, but the combination of a mutation in a SynMuv A gene and a mutation in a SynMuv B gene does (Ferguson and Horvitz, 1989) . Some SynMuv A genes encode novel nuclear proteins (Davison et al., 2005) , whereas most SynMuv B genes encode proteins of the Rb and NuRD complexes (Ceol and Horvitz, 2001; Couteau et al., 2002; Hsieh et al., 1999; Lu and Horvitz, 1998; Melendez and Greenwald, 2000; Poulin et al., 2005; Solari and Ahringer, 2000; Thomas et al., 2003; Unhavaithaya et al., 2002; von Zelewsky et al., 2000) . Recently, a third class of genes, class C, was identified by the observation that a mutation in these genes causes the Muv phenotype when it is combined with a mutation in either a class A or class B gene (Ceol and Horvitz, 2004) . The SynMuv genes thus offer a striking example of the functional redundancy of unrelated genes, which has been recognized to be an important strategy for regulating cellular functions (Wagner, 2000) .
In addition to their unusual genetics, studies of SynMuv genes have contributed to models of VPC patterning. As SynMuv genes act in the hyp7 hypodermal syncytium to promote vulval fates (Hedgecock and Herman, 1995; Herman and Hedgecock, 1990; Myers and Greenwald, 2005) , the prevailing view has been that they are part of, or regulate, a system that includes an ''inhibitory signal'' from hyp7 that opposes vulval induction (Herman and Hedgecock, 1990; Horvitz and Sternberg, 1991) . According to this view, one role of the LIN-3/EGF inductive signal is to overcome this inhibition.
Here, we revisit the question of the normal function of SynMuv genes in vulval induction by identifying the relevant target(s) of SynMuv genes for vulval induction. Because SynMuv B genes include known transcriptional repressors and are functionally redundant with SynMuv A genes, we hypothesized that a relevant target(s) would be derepressed in SynMuv A; SynMuv B double mutants; thus, reducing its activity might suppress the Muv phenotype. Furthermore, since SynMuv genes act in the hyp7 hypodermal syncytium to promote vulval fates, we focused on the possibility that a relevant target might be an EGF-like ligand, derepressed in hyp7 so as to activate the inductive signaling pathway in VPCs (Myers and Greenwald, 2005) . We now report that lin-3/EGF is the functionally relevant target for the SynMuv genes in hyp7. Our results suggest that the SynMuv genes do not participate in an inhibitory signaling process, and instead are part of a system that prevents inappropriate LIN-3/EGF activity during vulval development.
Results
Loss of lin-3 Activity Suppresses the SynMuv Phenotype Given the reasoning outlined in the Introduction, lin-3 emerged as a compelling candidate for a target of SynMuv repression when loss of lin-3 activity was found to suppress the Muv phenotype of SynMuv A; SynMuv B double mutants in a genome-wide RNA interference (RNAi) screen (Table S2 ; see the Supplemental Data available with this article online) (Cui et al., 2006 ) and a restricted assessment of candidate EGF-like genes by RNAi (A. Goldsmith and I.G., unpublished data). We have now observed robust suppression of many different SynMuv genotypes when lin-3 activity is depleted by RNAi (Figure 1 ), indicating that lin-3/EGF is required for the SynMuv phenotype. Indeed, suppression of the SynMuv phenotype by lin-3(RNAi) is similar in extent to suppression by loss of let-23/RTK and genes of the Ras-MAPK cascade (Ferguson et al., 1987; Sternberg, 2005) (Supplemental Data), consistent with a role for SynMuv genes upstream of the entire inductive signaling pathway. The suppression appears to be specific for lin-3, and not an ''off-target'' effect, as doublestranded RNAs corresponding to different parts of the lin-3 gene can mediate suppression of the SynMuv phenotype, as well as the Muv phenotype caused by overexpression of lin-3 ( Figure 1B ). Real-time RT-PCR analysis also indicated a 5-fold decrease in the overall lin-3 mRNA level upon feeding RNAi of lin-3 in a SynMuv mutant (data not shown). Furthermore, although other genes encoding proteins with EGF-like motifs exist in the C. elegans genome, BLAST searching indicates that the sequence similarity between those genes and lin-3 is relatively low (data not shown).
If we reexamine previous studies in the context of our current view, we find evidence for the interpretation we present here and can plausibly account for any differences. In particular, in support of the current view, Ferguson et al. (1987) identified one condition in which reduced lin-3 activity partially suppressed the SynMuv phenotype of the lin-15(n765) allele. Furthermore, we can account for the apparently contradictory data of Lu and Horvitz (1998) , whose analysis reinforced the prevalent view that lin-3 activity is not required for the SynMuv mutant phenotype; in their study, all epistasis experiments were performed with a non-null allele of lin-3, leading us to infer that residual activity obscured the requirement of lin-3 for the SynMuv phenotype (also see Supplemental Data).
Loss of lin-3 Activity, Specifically in hyp7, Is Sufficient to Suppress the SynMuv Phenotype Mosaic analysis suggested that SynMuv genes may act in hyp7, the large hypodermal syncytium that surrounds VPCs (Hedgecock and Herman, 1995; Herman and Hedgecock, 1990; Myers and Greenwald, 2005) . A hyp7 focus for SynMuv B genes was confirmed by showing that the SynMuv phenotype of lin-35(n745); lin-8(n111) can be rescued by using a hyp7-specific promoter, dpy-7p, to drive expression of lin-35/Rb (Myers and Greenwald, 2005) , and that the SynMuv phenotype of lin-15AB(n765) can be rescued by dpy-7p::lin-15B expression (T.R.M. and I.G., unpublished data). Thus, a simple hypothesis that accounts for the hyp7 focus of SynMuv genes and the suppression of the SynMuv phenotype by loss of lin-3 activity is that the SynMuv phenotype reflects ectopic expression of lin-3 in hyp7, which, in turn, induces vulval induction in all VPCs.
To test this hypothesis, we first showed that lin-3 expression in hyp7 is sufficient to generate a Muv phenotype: dpy-7p::lin-3(+) caused a robust Muv phenotype . Injection RNAi of lin-3 was also performed for some strains (black-filled column and the column marked with an asterisk). The percentage of progeny with the Muv phenotype was scored by observing two or more prominent ventral protrusions associated with the adult animals under a dissecting microscope. The asterisk indicates a value of zero for the column. The experiments for the left-most four strains were performed at 20ºC, while the rest were performed at 25ºC. p values for all lin-3(RNAi) data are <0.01. p values were derived from comparing data from lin-3(RNAi)-treated animals to those from untreated animals in a Fisher's Exact Test. More than 130 animals were scored for each strain, except that 62, 25, and 32 animals were scored for the lin-36; lin-15A; lin-3(injection RNAi), lin-8(n111); lin-15B; lin-3(injection RNAi), and lin-8(n111); lin-37(n758); lin-3(feeding RNAi) animals, respectively. Alleles for the SynMuv genes not indicated are listed in Experimental Procedures. The lin-15(n309) and lin-8(n2378); lin-36 strains also carry an integrated GFP reporter transgene, arIs99. (B) The effect of lin-3(RNAi) is specific to the lin-3 gene. RNAia and RNAib indicate the injection of dsRNAs that correspond to two nonoverlapping lin-3 genomic regions. RNAic indicates the injection of dsRNA corresponding to the lin-3 region that overlaps with the RNAia and RNAib constructs (see Experimental Procedures). Similar results were obtained when RNAia, RNAib, and RNAic were applied to lin-36(n766); lin-15A(n767) and lin-8(n111); lin-15B(n743) strains (data not shown). syIs1 is an integrated transgene that overexpresses lin-3 (Hill and Sternberg, 1992) . SE, standard error.
in an otherwise wild-type background (Table 1) . This Muv phenotype is suppressed by reducing let-23/RTK activity ( Table 1 ), indicating that LIN-3 production in hyp7 can activate LET-23/RTK to induce vulval induction. We then specifically depleted lin-3 activity in hyp7 by using dpy-7p to express a lin-3 hairpin-forming sequence, and we observed suppression of the Muv phenotype of two different SynMuv strains (Table 1) . Suppression was also observed in a sid-1 mutant (Winston et al., 2002) , which should prevent any potential spreading of the RNAi effect (Table 1) . In contrast, expression of a hairpin-forming lin-3 sequence in VPCs with a lin-31 promoter did not cause suppression (Table 1) , even though the same transgene can suppress a Muv phenotype caused by ectopic expression of lin-3 in VPCs (Dutt et al., 2004) . These results provide strong support for the hypothesis that ectopic expression of lin-3 in hyp7 is the major cause of ectopic vulval induction in SynMuv mutants.
We note that it was shown recently that fbf genes and fog genes redundantly repress inappropriate expression of lin-3 in the germline (Thompson et al., 2006) . However, several lines of evidence indicate that misexpression of lin-3 in the germline is not the cause of the SynMuv phenotype: eliminating the gonad by laser ablation does not prevent the SynMuv phenotype (Dutt et al., 2004; Ferguson et al., 1987; Huang et al., 1994; Thomas and Horvitz, 1999) , hyp7-specific expression of SynMuv genes can rescue the SynMuv phenotype (Myers and Greenwald, 2005 ; T.R.M. and I.G., unpublished data), and hyp7-specific RNAi of lin-3 can suppress the SynMuv phenotype (Table 1) . Thus, the FBF/FOG system is likely to be an independent system for repressing lin-3 and other genes in the germline.
lin-3 mRNA Levels Are Elevated in SynMuv A; SynMuv B Double Mutants We examined the overall levels of lin-3 mRNA in wildtype and SynMuv mutants by real-time RT-PCR. As indicated in Figure 2 , neither a SynMuv A nor a SynMuv B mutation alone caused any significant increase in the overall lin-3 transcript level, whereas lin-3 mRNA levels are increased about 4-fold in SynMuv A; SynMuv B double mutants. The increase of lin-3 mRNA levels in SynMuv A; SynMuv B double mutants, but not in single mutants, offers strong support for the hypothesis that the SynMuv A and SynMuv B genes are functionally redundant for transcriptional repression of lin-3.
Thus, lin-3 may be specifically derepressed in hyp7, or derepressed in multiple tissues at low levels in SynMuv mutants, with only the hyp7 derepression being functionally relevant for VPC induction. Unfortunately, we were not able to visualize derepression of a number of lin-3 reporter genes in hyp7, probably because of complications due to the chromatin structure of extrachromosomal arrays, as well as the possibility that the level of derepression is not enough to enable visualization of the reporter protein.
In addition, we consistently observed that SynMuv B mutations such as lin-35/Rb cause a reduction of the lin-3 mRNA level (Figure 2 ). This positive role is consistent with the observations that certain SynMuv B mutations alone reduce vulval induction in the lin-3(e1417) (Dutt et al., 2004) expressed in hyp7 by using the dpy-7 promoter. Ex[dpy-7p::lin-3hp] is an extrachromosomal array expressing a lin-3 hairpin-forming structure expressed in hyp7 by using the dpy-7 promoter. Ex[lin-31p::lin-3i] is a previously reported extrachromosomal array expressing another lin-3 hairpin-forming structure in VPCs by using the lin-31 promoter (Dutt et al., 2004) . b SE, standard error. c When lin-3(RNAi) was performed in the sid-1(+) background, many Vulvaless worms were observed, as reflected in the induction index of <3.0. However, in a sid-1(2) background, Vulvaless worms were not observed (induction index R 3.0). We interpret this observation as indicating that, in a sid-1(+) background, ''spreading'' of dsRNA from hyp7 reduces production of the inductive signal by the anchor cell of the gonad; however, in a sid-1(2) background, spreading does not occur, so induction of P6.p occurs normally. background (Hsieh et al., 1999 ) (data not shown). This observation suggests that SynMuv B genes may have a positive role on lin-3 expression in addition to the repressive role that is redundant with that of SynMuv A genes.
Discussion
Our observations have illuminated the two issues we sought to address at the outset of our studies: the role of the SynMuv genes in vulval induction, and the basis for the functional redundancy of the SynMuv A and SynMuv B genes. As described in the Introduction, studies of SynMuv genes led to the concept that the hyp7 hypodermal syncytium produces an ''inhibitory signal'' that prevents VPCs from adopting a vulval fate. In this context, with respect to the role of the SynMuv genes, we reached the surprising conclusion that the SynMuv phenotype appears to result from the creation of an interaction between hyp7 and the VPCs that is not normally present in wild-type, as lin-3 is normally ''off'' in hyp7 ( Figure  3A) . Thus, our work calls into question the concept of the ''inhibitory signal'' from hyp7 that opposes the action of the inductive signaling pathway. According to the prevailing view, the inductive signal overcomes the inhibitory influence of hyp7, and, as a consequence, the distal-most VPCs do not adopt vulval fates because they do not receive the inductive signal (or another signal that promotes a vulval fate, the LIN-12-mediated lateral signal; see Sternberg [2005] ). However, if lin-3 is derepressed in hyp7, then there is no evidence for an inhibitory signal, as the reason for invoking such a signal was to explain the SynMuv phenotype. It is conceivable that there are signals between hyp7 and the VPCs, but if so, these are not likely to be under the transcriptional control of the SynMuv genes.
Our results suggest that ectopic expression of lin-3 is the main cause of the SynMuv phenotype and that lin-3 is therefore the main relevant target of SynMuv genes with respect to vulval induction: we have observed strong suppression of the SynMuv phenotype by using lin-3(RNAi) in several SynMuv strains, as well as remarkably strong suppression of the SynMuv phenotype when a lin-3 double-stranded RNA hairpin is expressed in hyp7, the cellular focus of SynMuv gene activity. The lack of complete suppression by lin-3(RNAi) can be plausibly attributed to residual activity, an intrinsic limitation of the RNAi approach. Unfortunately, the early larval lethality caused by a null allele of lin-3 precludes a definitive assessment of this issue. Additional support that the relevant target is lin-3 comes from our observations that depletion of genes encoding other proteins with EGF-like motifs or of lag-2, which encodes a ligand for LIN-12 that is ectopically expressed in SynMuv mutants (Dufourcq et al., 2002; Poulin et al., 2005) , does not suppress the SynMuv phenotype (data not shown). Ectopic expression of lin-3 may also underlie other developmental abnormalities observed in SynMuv mutants, as a P11-to-P12 cell fate transformation in lin-15AB mutants is also suppressed by reduced lin-3 activity (Jiang and Sternberg, 1998) .
With respect to mechanisms for the functional redundancy of structurally unrelated genes, the lin-3/EGF depression observed in SynMuv A; SynMuv B double mutants, coupled with the absence of depression in single mutants, suggests that the SynMuv A and SynMuv B genes encode independent transcriptional regulatory complexes. It may be that both the SynMuv A and SynMuv B complexes redundantly repress lin-3 directly, or that one or both complexes may repress direct regulators of lin-3 ( Figure 3B ).
Here, we have accounted for the canonical role of SynMuv genes by showing that they have redundant functions in inhibiting lin-3 transcription. However, SynMuv mutations also affect growth, fertility, RNA interference, germline-soma distinction, somatic transgene expression, cell fusion, and cell division (Boxem and van den Heuvel, 2002; Fay et al., 2002; Garbe et al., 2004; Hsieh et al., 1999; Unhavaithaya et al., 2002; Wang et al., 2005) . Many of these roles are unique to SynMuv B genes, suggesting that SynMuv B activity is not redundant with SynMuv A or other transcriptional regulatory systems or complexes. Furthermore, at least one pair of SynMuv A and SynMuv B proteins are able to interact physically, suggesting that the SynMuv proteins have the potential to form different complexes on different target promoters (Davison et al., 2005) . Thus, while lin-3 is the key target for SynMuv genes regarding the SynMuv phenotype, it is certainly not the only target of SynMuv genes. Future work should elucidate the factors that influence the selection of SynMuv target genes in different contexts. (Sternberg, 2005) . The other three cells, which receive no LIN-3 signal, divide once to produce daughters that fuse to hyp7 to become part of the hypodermis (H). The expression of lin-3 in the hyp7 syncytium is repressed by redundant functions of SynMuv A and SynMuv B genes. In SynMuv A(lf); SynMuv B(lf) double mutants, lin-3 expression in hyp7 is derepressed, and production of LIN-3 activates the EGFR-Ras-MAPK pathway in all six VPCs. (B) SynMuv A and SynMuv B proteins may either directly repress lin-3 transcription or repress the transcription of another gene (gene X) that is required for lin-3 expression in hyp7.
In a more general context, our results suggest a plausible mechanism for nonautonomous function of tumor suppressor genes such as Rb in mammalian development or tumorigenesis. For example, several defects associated with loss of Rb function are associated with a nonautonomous focus in the placenta (e.g., Wu et al., 2003) . Perhaps the inappropriate production of growth factors or other signals upon loss of transcriptional repression in the placenta underlies some of these defects.
Experimental Procedures Strains
The mutations and balancer chromosomes used in this study are as follows: LGI, lin-35(n745); LGII, lin-8(n111), lin-8(n2378), dpl-1(n2994); LGIII, lin-9(n112), lin-36(n766), lin-37(n758); LGIV, lin-3(e1417), lin-3(n378); LGV, sid-1(qt2); LGX, lin-15A(n767), lin-15B(n744), lin-15AB(n765), lin-15AB(n309); extrachromosomal and integrated arrays, zhEx88(lin-31::lin-3i, unc-119(+), myo-3::gfp) (Dutt et al., 2004) , syIs1(lin-3(+), unc-31(+)) (Hill and Sternberg, 1992) , and arIs99 (dpy-7p::2nls::yfp; ceh-22::gfp) (Myers and Greenwald, 2005) . The Bristol strain N2 was used as the wild-type strain.
Vulval Induction Assays VPC (P3.p-P8.p) cell fates in L4 hermaphrodites were scored under Nomarski optics as described previously (Sternberg and Horvitz, 1986) . Scores of 1, 0.5, and 0 were assigned to cells that fully, partially, or did not adopt vulval cell fates, respectively. In wild-type, three of the six VPCs (P5.p, P6.p, and P7.p) fully adopt the vulval fate, giving a score of 3.0. A score of more than 3.0 indicates ectopic vulval induction. A score of less than 3.0 indicates vulval underinduction.
RNAi Analysis Double-stranded (ds) RNA was applied to worms by feeding or injection (Fire et al., 1998; Timmons et al., 2001) . Briefly, for feeding RNAi, the bacteria were seeded on NGM agar plates containing IPTG and ampicillin. Starved L1 larvae or adult worms were added onto the plates on the following day and cultured at 20ºC or 25ºC. Control animals were fed with bacteria carrying an empty L4440 vector or a construct producing gfp dsRNA. The Muv phenotype was observed in the P0 generation and the F1 progeny of worms that were fed with the respective dsRNA. dsRNAs corresponding to three different lin-3 regions were used for the injection RNAi experiments shown in Figure 1B . a, b, and c represent the following lin-3 genomic sequences: a, +1582 to +2857; b, +3624 to +4656; and c, +1503 to +3907 (+1 is defined as the first nucleotide of the translational start codon of the lin-3A isoform). The c construct was also used in the feeding and injection RNAi experiments reported in Figure 1A . For injection, 1 mg/ml dsRNAs were used.
Constructs and Transgenic Lines
For dpy-7p::lin-3A and dpy-7p::lin-3B constructs, the short (A) and long (B) isoforms of lin-3 cDNA were amplified from plasmids pAD25 and pAD26 (Dutt et al., 2004) , respectively. The PCR-amplified products were cloned into the SalI and BamHI sites of dpy7p::deGFP, which was made from a dpy-7p::GFP plasmid by deleting the GFP fragment (Bulow et al., 2004) . To construct the dpy-7p::lin3hp hairpin plasmid, a 432 bp lin-3 cDNA fragment was amplified from pAD25 with primers JC60 (5 0 -CGGGATCCCATAAGATATCGTC GCCCAC-3 0 ) and JC61 (5 0 -CCCTCGAGGCATCTTGAGTGGCATCTT C-3 0 ). It was then cloned into the SalI and BamHI sites of the dpy7p::GFP plasmid. The resulting plasmid was named pDpy7p-lin-3AGFP. The same 432 bp lin-3 cDNA fragment was amplified with primers JC61 and JC62 (5 0 -CGCCATGGCATAAGATATCGTCGCC CAC-3 0 ), then cloned into the NcoI and XhoI sites of pDpy7p-lin-3AGFP. The resulting plasmid contains the antisense and sense lin-3 cDNA fragments that are separated by a 300 bp GFP fragment.
Transgenic lines were generated by injecting DNA into the germline of worm hermaphrodites with the elo-5p::GFP (50 mg/ml) as a cotransformation marker (Kniazeva et al., 2004) . The plasmids dpy7p::lin-3A and dpy-7p::lin-3B were injected at 10 ng/ml. The plasmid dpy-7p::lin-3hp was injected at 50 ng/ml. We obtained more than two transgenic lines for each of the constructs.
Quantitive RT-PCR Analysis of lin-3 Transcripts Synchronized wild-type and mutant L1 worms were grown on NGM plates with OP50 bacteria as food at 20ºC. Larvae were harvested at late L2 to early L3 stages, when vulval induction occurs (Sternberg and Horvitz, 1986) . Worms were washed with the M9 buffer three times before RNA isolation. Total RNAs were isolated by using Trizol reagents (Invitrogen). First-strand cDNA was prepared from 1 mg total RNA by using a Superscript kit (Invitrogen). Each 20 ml qRT-PCR reaction mix contained w100 ng RT products, 10 ml SyBR Green Jumpstart Taq Ready Mix (Sigma), and 0.25 mM of each primer. Quantitative RT-PCR was performed in triplicate on a Rotor-Gene 6 Real-time PCR machine (Corbett Research). Relative fold changes were calculated by using the 2^(-delta delta Ct) method. Primers were designed to span an exon-exon junction. The rpl-26 gene encoding the ribosome large subunit was used as an internal control for data normalization. The data shown are representative of three independent worm growths and RNA isolations.
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